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The nuclear density cone penetration test (ND-CPT) is used to investigate the wet density (ρ) of soft soil deposits under the sea. In the ND-CPT,
the density is determined by the count rate ratio (Rρ) of the gamma rays detected by the detector to the gamma rays from the source. Thus, the ND-
CPT measures the average wet density of the material within a spheroid volume around the central point of the source and the detector, which is
designated as ρc. The measured ρc values are considerably different from the actual ρ of the seabed sediment because the density varies signiﬁcantly
with depth. We designate the layer of seabed sediment in which the density increases rapidly with depth as the “upper layer” and the layer below it
as the “lower layer”. A method is proposed to deduce the actual ρ proﬁle from the measured ρc proﬁle. The upper and the lower boundaries of the
upper layer of the seabed sediment can be directly determined from the measured ρc proﬁle as well as the distance (2b) between the gamma ray
source and the detector. Based on the results of a back analysis of the measured ρc proﬁle at Isahaya Bay, Ariake Sea, Japan,
the density distribution in the upper layer of the seabed sediment can be approximated as a square root function of depth. Comparisons of
the measured ρc proﬁles, obtained using the ND-CPT, and the actual ρ proﬁles, deduced by the proposed method, show that the actual ρ are
obviously different from the measured ρc near the upper and the lower boundaries of the upper layer of the seabed sediment. The thickness of the
upper layer of the seabed sediment at Isahaya Bay lies in the range of 0.05–0.55 m.
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der responsibility of The Japanese Geotechnical Society.1. Introduction
Seabed sediments generally exhibit signiﬁcant variations in
physical properties near the water–sediment interface (Ross and
Mehta, 1989; Winterwerp and Van Kesteren, 2004; Holland et al.,
2005). The investigation of seabed sediment properties, such as
wet density (ρ), is important in predicting sediment transport, in
determining nautical depth and in planning dredging projects
(McAnally et al., 2007a, b). However, there are few reliable
methods to adequately measure the density proﬁle of seabed
sediments (Ha et al., 2010). Density measurements based on the
core samples are costly and sometimes unreliable because of the
difﬁculty involved in obtaining undisturbed samples. It is hard to
obtain a useful density proﬁle by acoustic methods because theElsevier B.V. All rights reserved.
Fig. 1. Nuclear density cone penetrometer.
R. Jia et al. / Soils and Foundations 53 (2013) 671–679672reﬂection strength is proportional to the density gradient, not a
speciﬁc density (McAnally et al., 2007b). The application of a
tuning fork requires complex and extensive calibration, and it is
limited to low-density ﬂuid mud (Ha et al., 2010).
Nuclear transmission and backscatter techniques have been
demonstrated to measure density accurately; they are the ﬁrst
choice in several areas (McAnally et al., 2007b). The techniques
have been used for many years in geotechnical engineering to mea-
sure the wet density of soil (Homilius and Lorch, 1958; Ruygrok,
1988). The bulky instrument employed in the nuclear backscatter
technique was developed and incorporated into the piezocone
penetrometer, which is the most versatile and widely used tool for
in situ soil exploration (Ledoux et al., 1982; Lunne et al., 1997;
Mimura et al., 1995; Shibata et al., 1992, 1994). The nuclear den-
sity cone penetration test (ND-CPT) has been used for soil investi-
gations on land (Dasari et al., 2006; Karthikeyan et al., 2007;
Mimura and Shrivastava, 1998; Shibata et al., 1994) and over
closed water (Umezaki et al., 2005, 2009), and it can provide relia-
ble ρ proﬁles. However, there are few data regarding the measure-
ment of the density proﬁle of seabed sediments using the ND-CPT.
In the ND-CPT, the density is evaluated in a spheroid volume
around the central point of the gamma ray source and the
detector; it is called the “measuring volume” (Dasari et al., 2006;
Karthikeyan and Tan, 2008). Thus, the density measured by the
ND-CPT is the average wet density of the material (ρc) within a
spheroid volume, which is not exactly the actual ρ at the central
point of the gamma ray source and the detector. If the density
does not change much with depth, the measured ρc proﬁle can
approximate the actual ρ proﬁle. However, there may be a
considerable difference between the measured ρc proﬁle and the
actual ρ proﬁle of the seabed sediment due to the signiﬁcant
variation in density with depth.
In this study, a method is proposed to deduce the actual ρ
proﬁles from the measured ρc proﬁles, and the proposed method is
used to interpret the ND-CPT measurements at Isahaya Bay,
Ariake Sea, Japan. Firstly, the ND-CPT equipment and the method
used to investigate the seabed sediment are described. Then, the
typical density proﬁle measured by the ND-CPT is presented.
Based on the theory that the ND-CPT measurement provides the
average wet density of the material (ρc) within the spheroid
measuring volume, the difference between the measured and the
actual density proﬁles is illustrated. The backscatter model and the
average model that can calculate ρc from a known actual density
proﬁle were used to interpret and back analyze the measured
density proﬁles. Finally, the actual ρ proﬁles were deduced from
the measured ρc proﬁles and compared with the measured ρc
proﬁles, and the differences between them are discussed. The
deduced actual ρ proﬁles were adopted to determine the thick-
nesses of the upper layer (where the density increases rapidly with
depth) of the seabed sediment at Isahaya Bay.
2. ND-CPT equipment and test method
2.1. Description of nuclear density cone penetrometer
Fig. 1 shows the nuclear density cone penetrometer. The
lower part, which is for piezocone testing, consists of a conewith an apex angle of 601 and a base diameter of 35.7 mm
(10 cm2 cross-sectional area), a pore pressure ﬁlter at the
shoulder of the cone and a 150 cm2 friction sleeve behind the
ﬁlter. The upper part, which is for the density measurement,
consists of an inclinometer, a gamma ray source, a lead shield,
a density count gamma ray detector and a background count
gamma ray detector; it has a diameter of 48.6 mm and a length
of 1124.5 mm. The distances of the gamma ray source, the
density count gamma ray detector and the background count
gamma ray detector from the apex of the cone are 0.721 m,
0.986 m and 1.4535 m, respectively.2.2. Density measurement principle and measuring volume
The principle of the density measurement in the ND-CPT
relies on the Compton scattering of gamma rays, whose energy
lies in the range of 0.3–2.0 MeV, passing through matter. The
gamma rays emitted from the source collide and scatter
repeatedly with the atomic electrons in the material. In this
process, parts of the gamma rays are absorbed by the material,
while others reach the detector. The amount of gamma rays
R. Jia et al. / Soils and Foundations 53 (2013) 671–679 673reaching the detector is related to the density of the material;
thus, the density of the material can be determined.
To obtain an accurate count rate of the gamma rays from the
source, the background count rate (BCR) measured by the
background count gamma ray detector (the amount of natural
gamma rays) must be subtracted from the density count rate
(DCR) measured by the density count gamma ray detector.
Then, the accurate count rate of the gamma rays from the
source is normalized by the standard count rate (SCR) to
obtain the count rate ratio (Rρ), which is used to calculate the
density, i.e.,
Rρ ¼
DCRBCR
SCR
ð1Þ
To reduce the statistical error in the amount of gamma rays
emitted from the source and, at the same time, to ensure the preci-
sion of the test results, the average BCR and DCR over a depth
of 100 mm were used in this study. SCR can be measured using a
stainless steel chamber, with a diameter of 0.7 m and a height
of 1 m, ﬁlled with pure water before the in situ investigations
(Jia et al., 2013; Karthikeyan, 2005). The equation used to calcu-
late the ρ of the soils from the Rρ value is determined based on a
comparison of the in situ measurements by the ND-CPTs to the
laboratory measurements of thin-wall tube samples of clay or
frozen sand samples (Nobuyama, 2000), and the proposed rela-
tionship is as follows:
Rρ ¼ Aρ2BρþC ð2Þ
where A, B and C are constants whose values are 0.6264, 4.0954
and 6.8422, respectively, over a density range of 1.0–2.2 g/cm3.
The density measurement is evaluated in an extended
spheroid volume around the central point of the gamma ray
source and the density count gamma ray detector, which isFig. 2. Test l
Table 1
Index properties of soil at locations c2, g2, c5 and g6.
Location Clay content (%) Silt content (%) Sand content (%) D
c2 61.7 34.1 3.1 2
g2 58.8 27.8 10.3 2
c5 61.6 31.9 5.6 2
g6 54.8 30.9 7.7 2called the “measuring volume” (Fig. 1). In the ﬁgure, the value
for 2b is 26.5 cm, which is the same as the distance between
the gamma ray source and the detector of the cone penetrom-
eter used in this study. The value for a decreases with an
increasing density of the surrounding material, and it can be
estimated based on the theory of gamma ray scattering
(Homilius and Lorch, 1958) as follows:
a
2b
¼ 6:67ðρU2bÞ0:61 ð3Þ
where ρ is the wet density of the material in g/cm3. The value
for a is approximately 240 mm if the surrounding material is
water, which is identical to the value obtained from the labo-
ratory measurements (Karthikeyan, 2005). For clay, loose sand
and dense sand, with densities of 1.4 g/cm3, 1.8 g/cm3 and
2.0 g/cm3, the values for a are approximately 200 mm,
170 mm and 160 mm, respectively.2.3. Locations of ﬁeld investigation and test method
The locations investigated are shown in Fig. 2. A total of 48
ND-CPTs (30 outside and 18 inside the dike), simultaneously
measuring the density and the undrained shear strength (su), were
conducted to investigate the properties of the seabed sediment
around the dike at Isahaya Bay, Ariake Sea, Japan. Table 1 shows
some of the index properties of the soil at locations c2 and g2
(inside the dike) and locations c5 and g6 (outside the dike). The
main clay mineral of the sediment in Ariake Sea is smectite
(Ohtsubo et al., 1995; Mizota and Longstaffe, 1996).
Since the tests performed in this study were conducted at sea,
and seabed sediments are very soft, the ND-CPT equipment was
set on a boat and the cone penetrometer was penetrated by a deadocations.
ensity of solid particles (g/cm3) Plasticity index Water content (%)
.644 97.5 189.3
.676 81.6 147.7
.677 94.8 175.8
.699 101.1 147.4
R. Jia et al. / Soils and Foundations 53 (2013) 671–679674load (Fig. 3). The weight of the cone penetrometer was approxi-
mately 15 kg and the additional weight was 60 kg. A winch was
used to control the up and down movements of the cone pene-
trometer, and the penetration speed was approximately 1–2 cm/s.
The cone might be inclined during testing due to the motion of the
boat caused by the waves. The measured maximum inclination of
the cone from the vertical was approximately 31, which is within
the acceptable error range.Fig. 4. Typical ND-CPT results at location a1.3. Density proﬁle measured by ND-CPT
3.1. Typical ND-CPT results
The cone resistance (qc), the pore pressure at the shoulder of the
cone (u), the sleeve friction (fs), the background count rate (BCR)
and the density count rate (DCR) can be simultaneously measured
by the ND-CPT. The wet density is calculated according to the
measured BCR and DCR by Eqs. (1) and (2). Typical ND-CPT
results for ρc, the corrected cone resistance (qt) and the pore
pressure (u), at location a1 (see Fig. 2), are shown in Fig. 4. In the
ﬁgure, u0 is the hydrostatic pore water pressure.
The measured density proﬁles vary signiﬁcantly around the
water/clayey deposit interface. The proﬁles can be divided into
three sections, namely, an initial section close to the region of
constant density for water, a middle curved section and a ﬁnal
linear section. The measured values of density are sometimes
smaller (or larger) than 1.0 g/cm3 in the region of constant
density for water. This is due to a statistical error in the amount
of gamma rays emitted from the source, although it is minimized
by applying the average BCR and DCR over a depth of 100 mm.Fig. 3. ND-CPT equipment and method for seabed sediment investigation.3.2. Relationship between measured and actual density
proﬁles
Since the ND-CPT measures the average wet density of the
material within a measuring volume, when the density of the
material to be measured changes signiﬁcantly with depth, there will
be a considerable difference between the actual density proﬁle and
the measured density proﬁle, as illustrated in Fig. 5. Point A is the
intersection of the initial constant density section and the middle
curved section, while point B is the intersection of the ﬁnal linear
section and the middle curved section. We designate the layer of
seabed sediment in which the density increases rapidly with depth
as the “upper layer” and the layer below it as the “lower layer”.
The measured ρc will increase once the gamma ray source
enters the upper layer of the seabed sediment, while the central
point between the source and the detector still does not enter
the sediment. Then, when the center enters the lower layer of
the seabed sediment, the detector is still in the upper layer and
the measured ρc will still be in the middle curved region. Thus, the
thickness of the curved region is equal to the thickness of the upper
layer of the seabed sediment plus the gamma ray source-detector
separation distance (2b¼26.5 cm for the device used). Based on
this argument, it is assumed that the actual upper layer starts at
point C (distance b below point A) and ends at point D (distance b
above point B).
In the ﬁeld, above the seabed sediment, there are suspended
solids (SS) in the seawater. Normally, the SS concentration is a
few kg/m3. The ﬁeld measurements indicate that the ND-CPT
does a poor job of estimating the concentration of SS. The
objective of this study was to develop a method to estimate the
actual density of sediments and/or soil–water mixtures with solid
concentrations above 10 kg/m3. An SS concentration of 10 kg/m3
was adopted as the lower limit, because this concentration often
corresponds to the lutocline at the top of a ﬂuid mud layer
(Kineke et al., 1996; Kirby and Parker, 1977; Ross and Mehta,
1989), and it corresponds to a density increment of approximately
0.006 g/cm3. For simplicity, we propose that the density at point
C (ρC) can be approximated to equal the density at point A (ρA),
and that the density at point D (ρD) can be approximated to equal
the density at point B (ρB) minus γb (where γ is the slope of the
Fig. 5. Relationship between measured and actual density proﬁles.
Fig. 6. Laboratory-measured density of seabed sediment.
R. Jia et al. / Soils and Foundations 53 (2013) 671–679 675ﬁnal linear region). We propose the following method to deter-
mine the locations of points C and D.(1) Location of C. Considering that when the gamma ray
source enters the upper layer of the seabed sediment, the
measured density curve will start to diverge from the
vertical line (line with a density of 1.0 g/cm3); the location
of point A is identiﬁed as the intersection of the vertical
line and the measured density curve. Then, the location
(depth) of C is the location of A plus the b value.(2) Location of D. Assuming that when both the gamma ray
source and the detector are in the lower layer of the seabed
sediment, the measured density proﬁle will increase in a linear
fashion, and when the detector is in the upper layer and the
source is in the lower layer, the measured proﬁle will be
curved; the location of point B can be identiﬁed as the
intersection of the measured density curve and the linear
regression line of the measured density lying in the lower
layer. Then, the location (depth) of D is the location of B
minus the b value.The remaining problem is to determine the distribution
between points C and D in Fig. 5. The method adopted to
identify the distribution is as follows: the actual proﬁle is
ﬁrstly assumed; then, ρc is back calculated for the soil–water
mass within the spheroid measuring volume of the ND-CPT;
ﬁnally, if the calculated ρc proﬁle ﬁts the measured one, the
assumed proﬁle is deemed the actual proﬁle.
Undisturbed samples with a diameter of 0.075 m and a height
of 1 m were obtained from the test area at Isahaya Bay for
laboratory density measurements. The samples were cut into
slices, 50 mm in height for the top 100 mm and then 100 mm in
height for the remaining soil; the average wet density of each
slice was measured immediately after the sampling. Typical test
results at locations c1 and g6 (see Fig. 2) are shown in Fig. 6. By
referring to the laboratory density measurements, it is assumed
that the possible density distributions in the upper layer of the
seabed sediment can be (1) linear or (2) a square root function of
depth. Their suitability is investigated in the next sections.4. Theoretical models for interpreting measured density
proﬁle
4.1. Theoretical models
4.1.1. Backscatter model
The backscatter model was developed to predict the labora-
tory performance of the nuclear backscatter probe (Parker et al.,
1975). The three assumptions adopted are as follows.(1) The volume affecting the measured Rρ is a spheroid, as
shown in Fig. 7. The contribution of the count rate ratio
from a small volume in the spheroid to the total count rate
ratio is proportional to its volume.(2) The value of 2b is a constant equal to the gamma ray
source-detector separation distance of the cone penetrom-
eter. For simpliﬁcation, the value for a is also assumed to
be a constant. In this study, the values for 2b and a are
26.5 cm and 24 cm.(3) The relationship between Rρ and ρ is expressed by Eq. (2)
based on a comparison of the in situ measurements of
ND-CPTs to the laboratory measurements on soil samples.Based on the above assumptions, the total count rate ratio
within the measuring volume (Rρc) can be calculated by the
following equation:
Rρc ¼
3
4b3
Z
ðAρðzÞ2BρðzÞþCÞ½b2ðzziÞ2δz ð4Þ
where z is depth and zi is the depth corresponding to the
midpoint of the measuring volume. The value for ρc, which is
referenced to the midpoint of the spheroid, can be calculated as
follows:
ρc ¼
4:0954 ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ2:5056Rρc0:3715p
1:2528
ð5Þ
Then, the ρc proﬁle can be obtained as the measuring volume
moves with depth.
4.1.2. Average value model
The method is based on the assumption that the ND-CPT
measurement provides an average density of the soil within the
measuring volume. The assumed measuring volume is the
R. Jia et al. / Soils and Foundations 53 (2013) 671–679676same as that shown in Fig. 7. Therefore, the average value
model can be applied to directly calculate ρc by the following
equation:
ρc ¼
3
4b3
Z
ρðzÞ½b2ðzziÞ2δz ð6Þ
As in the backscatter model, the ρc proﬁle can be obtained as
the measuring volume moves with depth.4.2. Demonstration of difference between actual and
calculated density proﬁles
Two different density proﬁles are assumed in Fig. 8. Each
proﬁle has three layers. The ﬁrst and the third layers have constant
density values, while the density varies with depth in the second
(middle) layer as a linear or square root function. The backscatter
and average value models are used to calculate the average density
within the measuring volume, assuming that the ND-CPT passes
through the proﬁles. The calculated density (ρcc) proﬁles do not
show the same transition as the assumed actual density proﬁles at
the interfaces of the layers. For the calculated proﬁle, there is a
transition zone near the interface between the two layers with a
thickness of b (half of the source-detector separation distance). The
results in Fig. 8 conﬁrm the argument made in Section 3.Fig. 7. Spherical coordinates for density measurement using ND-CPT.
Fig. 8. Comparison of assumedThe calculated results show that the ρcc proﬁles calculated by
the two models are almost the same. This is because ρ changes
approximately linearly with Rρ in the range of 1.0–2.2 g/cm
3 based
on Eq. (2). It is suggested, therefore, that the simple average value
model can be used to back interpret the actual ρ proﬁle of the
seabed sediment from the measured ρc proﬁle by the ND-CPT.
5. Interpretation of density proﬁle of upper layer of seabed
sediment
5.1. Back analysis of the measured density proﬁle
As shown in Fig. 9, the density proﬁle for the water/suspen-
sions is assumed to be constant, ρz ¼ ρ0, while the density proﬁle
for the lower layer of the seabed sediment is assumed to be linear
with depth, ρz ¼ ρDþγðzzDÞ. The density proﬁle for the upper
layer of the seabed sediment is assumed to be a linear (①) or a
square root function of depth (②), respectively, by the following
equations:
ρðzÞ ¼ βðzzCÞþρC ðlinearÞ ð7Þ
ρðzÞ ¼ αðzzCÞ1=2þρC ðsquare rootÞ ð8Þ
The values for β and α can be calculated by the following
equations:
β¼ ðρDρCÞ=ðzDzCÞ ð9Þ
α¼ ðρDρCÞ=ðzDzCÞ1=2 ð10Þ
where zC and zD are depth values corresponding to the upper and
the lower boundaries of the upper layer of the seabed sediment,
and ρC and ρD are density values corresponding to the upper and
the lower boundaries of the upper layer of the seabed sediment.
Their values can be determined according to the measured
density proﬁle, as shown in Fig. 5.
The value for ρc at any depth zi is calculated by Eq. (6) for z
varying between (zib) and (ziþb), as shown in Fig. 7.
Fig. 10 compares the back-calculated average density (ρcc)
with the ρc proﬁles measured by the ND-CPT at four selected
locations at Isahaya Bay, Japan (indicated as a1, c7, f5 and g7
in Fig. 2). The results show a better agreement between ρcρ and calculated ρcc proﬁles.
Fig. 9. Probable actual density proﬁles.
Fig. 10. Comparison of measured ρc and calculated ρcc proﬁles.
Fig. 11. Comparison of measured ρc and actual ρ proﬁles.
R. Jia et al. / Soils and Foundations 53 (2013) 671–679 677and ρcc with the square root distribution assumption than with
the linear assumption. Based on the above results, we propose
that the actual ρ distribution between points C and D in Fig. 5
is a square root function of depth, and that it can be calculated
by Eqs. (8) and (10).5.2. Interpreted actual density proﬁles
For the four selected points in Fig. 2 (a1, c7, f5 and g7), the
interpreted actual ρ proﬁles are compared with the measured ρc
proﬁles in Fig. 11. The interpreted actual ρ are clearly different
from the measured ρc in the upper layer of the seabed sediment.
For locations c1 and g6, the laboratory-measured densities are
available (Fig. 6), and the corresponding interpreted ρ proﬁles
and measured ρc proﬁles are compared with the laboratory data in
Fig. 12. The interpreted actual ρ proﬁles show a better agreement
with the laboratory results. The interpreted actual ρ proﬁle should
be adopted to determine the depth of the water and the thickness
of the upper layer of the seabed sediment.5.3. Thickness distribution of upper layer of seabed sediment
at Isahaya Bay
The thickness distribution of the upper layer of the seabed
sediment, determined from the interpreted actual ρ proﬁles at
Isahaya Bay, is shown in Fig. 13. The thicknesses lie in the
range of 0.05–0.55 m. The thicknesses of the upper layer of the
seabed sediment outside the dike are thicker than those inside
the dike, and the thicknesses of the upper layer of the seabed
sediment in the coastal area are thicker than those in the deep
water area outside the dike.
Fig. 12. Comparison of interpreted actual ρ proﬁles and measured ρc proﬁles
with laboratory results.
Fig. 13. Thickness distribution of upper layer of seabed sediment at Isahaya
Bay (cm).
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The nuclear density cone penetration test (ND-CPT) has
been widely used to investigate the wet density (ρ) of soft soil
deposits on land and under water. The ND-CPT measures the
average wet density of the material (ρc) within a spheroid
volume around the central point of the gamma ray source and
the detector. When the actual ρ varies signiﬁcantly with depth,
the measured ρc will differ considerably from the actual ρ.
The density distribution of seabed sediments is a typical
example of such a situation. We designate the layer of the
seabed sediment in which the density increases rapidly with
depth as the “upper layer” and the layer below it as the “lower
layer”. A method has been proposed to interpret the actual ρ
proﬁle from the measured ρc proﬁle by the ND-CPT, and the
proposed method has been used here to interpret the ND-CPT
measurements at Isahaya Bay, Ariake Sea, Japan. The follow-
ing conclusions can be drawn from this study.(1) Proposed method. Based on the measured ρc proﬁle, as
well as a back analysis, it has been proposed that (a) the
upper (C) and the lower (D) boundaries of the upper layer
of the seabed sediment can be directly determined from the
ND-CPT-measured ρc proﬁle as well as the distance (2b)between the gamma ray source and the detector (see Fig. 5)
and (b) the density distribution of the upper layer of the
seabed sediment (between C and D) follows a square root
function with depth (Eq. (8)).(2) Interpreted ρ proﬁle. Comparisons of the ρc proﬁles
measured by the ND-CPT and the interpreted actual ρ
proﬁles by the proposed method show that the actual ρ
proﬁles are clearly different from the measured ρc proﬁles
near the upper and the lower boundaries of the upper layer
of the seabed sediment. The thickness of the upper layer of
the seabed sediment at Isahaya Bay, determined from the
actual ρ proﬁle, lies in the range of 0.05–0.55 m.References
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